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The interfacial phase-change memory (iPCM) GeTe/Sb2Te3, promising candidates for the next
generation non-volatile random-access memories, exhibits fascinating topological properties. De-
pending on the atomic-layer-stacking sequence of the GeTe block, the iPCM can be either in the
SET (Ge-Te-Ge-Te) or RESET (Te-Ge-Ge-Te) states, where the former exhibits ferroelectric polar-
ization and electrical conductivity two orders of magnitude larger than that of the RESET state.
Yet, its microscopic origin remains elusive. Here, we predict the emergence of a Weyl semimetal
phase in the SET state induced by the ferroelectric polarization which breaks the crystal inversion
symmetry. We show that the giant conductivity enhancement of the SET phase is due to the ap-
pearance of gapless Weyl nodes. The Ge-Te- or Sb-Te-terminated surfaces of Weyl semimetal iPCM
exhibit surface states with completely distinctive topology, where the former consists solely of Fermi
arcs while the latter consists of both closed Fermi surface and open Fermi arcs. The iPCM with van
der Waals interfaces offers an ideal platform for exploiting the exotic Weyl properties as well as for
future memory device applications.
Among the chalcogenide phase-change materials, the
Ge2Sb2Te5 (GST) compound which undergoes a re-
versible structural transition between the crystalline and
amorphous phases, continues to be the subject of in-
tense interest because of its high potential for non-volatile
phase change memory (PCM) devices[1–5]. However, a
bottleneck is the high energy consumption during the
transition process to the amorphous phase. A major
breakthrough was the discovery of a new type of PCM, re-
ferred to as interfacial phase change memory (iPCM)[6],
which retains the crystalline structure in both the high-
(SET) and low-conductivity (RESET) states. It offers re-
duction in switching energies more than 95% complared
to the conventional PCM as well as improved write-erase
cycle lifetimes and faster switching speeds.
The structures in the two memory states of the
iPCM are revealed to consist of a two-component
(GeTe)n/(Sb2Te3)m superlattice. The switch process in-
volves a one-dimensional atomic motion normal to the
interface. More explicitly, the stacking sequences within
the GeTe layers in the SET and RESET phases are . . .-
Te-Ge-Te-Ge-. . . and . . .-Te-Ge-Ge-Te-. . ., respectively.
While the former exhibits ferroelectric polarization due
to the breaking of the crystal inversion symmetry[6, 7],
the later has no polarization. The underlying mecha-
nism of the phase change dynamics has been intensively
studied[8]. However, the effect of the local structural
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transition on the giant change of resistance (up to two
orders of magnitude)[9] has not been addressed yet.
A corner stone of modern condensed matter physics
is the discovery of topolgical states of matter that may
accelerate the development in spintronics and open a
way to realize massless particle equations such as Dirac
and Weyl Fermions[10–17]. A Weyl semimetal is a
topological semimetallic material hosting gapless nodes
near the Fermi level in the three dimensional momen-
tum space where the nodes correspond to effective mag-
netic monopoles or anti-monopoles[13–17]. One impor-
tant feature of the Weyl semimetal is surface states which
form open Fermi arcs rather than closed loops[16, 17].
Compared to their Dirac semimetal counterparts, Weyl
semimetal requires the breakdown of either time-reversal
of inversion symmetry to split each degenerate Dirac
node into a pair of Weyl nodes.
One important property of the RESET state of the
iPCM is the time-reversal nontrivial topological order in-
herited from the bulk Sb2Te3[18, 19], although the band
inversion strength is somewhat reduced by the interca-
lating GeTe block[20, 21]. In the SET state, the GeTe
block not only reduces the band inversion strength but
also breaks the spatial inversion symmetry due to its in-
herent ferroelectric polarization[22, 23]. Consequently,
the superlattice consisting of alternating topological in-
sulator and ferroelectric insulator thin films may offer a
simple realization of a Weyl semimetal phase[24, 25], in
analogy to the magnetically doped 3D topological insu-
lator/trivial insulator superlattice[26].
In this report, employing ab initio electronic structure
calculations we predict that the SET phase of the iPCM
2FIG. 1. Atomic and electronic structures of iPCM in the RESET and SET states. Side view of the hexagonal (GeTe)2(Sb2Te3)1
superlattice in the (a) RESET Inverted-Petrov structure (Sb2Te3-Te-Ge-Ge-Te- stacking) and (b) SET Ferroelectic-GeTe struc-
ture (Sb2Te3-Ge-Te-Ge-Te- stacking). MBJLDA bulk band structure along symmetry lines of (c) Inverted-Petrov and (d)
Ferro-GeTe band structures with the Fermi level set at 0 eV. The bands denoted with red (cyan) derive from anion (cation)
states. Inset shows the bulk BZ with the high symmetry points and the projected 2D BZ for the (001) surface.
is an ideal Weyl semimetal with (1) Weyl nodes lying on
the Fermi level without intervening bulk states, and (2)
van der Waals bonding layers. We also elucidate that the
underlying mechanism of the giant enhancement (by up
to two orders of magnitude) of the electrical conductivity
as the iPCM undergoes the phase transition from the
RESET to the SET state is the emergence of the gapless
Weyl nodes.
The density functional theory calculations were car-
ried out using the Vienna ab initio simulation package
(VASP) [27, 28]. The pseudopotential and wave func-
tions are treated within the projector-augmented wave
(PAW) method [29, 30]. Structural relaxations were car-
ried using the generalized gradient approximation as pa-
rameterized by Perdew et al. [31] with van der Waals
corrections[32]. The plane wave cutoff energy is 400 eV
and a 15 × 15 × 5 k point mesh is used in the BZ sam-
pling. The electronic properties such as the band struc-
tures, surface states, and conductivities have been calcu-
lated using the tight-binding parameters obtained from
VASP-WANNIER90 calculations [33]. In the Wannier
function projection, the Modified Becke-Johnson Local
Density Approximation (MBJLDA) [34, 35] potential was
employed, which has been shown to yield accurate band
gaps, effective masses, and frontier-band ordering. Spin-
orbit coupling was included in the projection with a 10 ×
10 × 4 k-point mesh in the BZ sampling. The Weyl nodes
were traced using a steepest decent method while the lon-
gitudinal electric conductivity was calculated within the
semiclassical Boltzmann transport theory[33].
Figure 1(a) and (b) show the crystal structure of the
(GeTe)2(Sb2Te3)1 superlattice in the highly resistive RE-
SET state with Sb2Te3-Te-Ge-Ge-Te- stacking sequence
(Inverted-Petrov structure) and the highly conductive
SET state with Sb2Te3-Ge-Te-Ge-Te- stacking sequence
(Ferroelectic-GeTe structure) along the rhombohedral
[111] direction. The calculated equilibrium structural pa-
rameters for both the RESET and SET phase are listed
in Table I. The calculated values of the c lattice parame-
ters are in good agreement with the experimental values
of 18.6 A˚ and 17.6 A˚ for the RESET and SET phases,
respectively[7]. The Sb2Te3 block consists of one Te-Sb-
Te-Sb-Te quintuplet layer. Despite the large contrast in
electrical conductivity, the sole difference in atomic struc-
ture is the stacking sequence of Ge-Te layers sandwiched
by Sb2Te3 layers.
The MBJLDA band structures along the high-
symmetry directions for the (a) Inverted-Petrov and (b)
Ferro-GeTe (GeTe)2(Sb2Te3)1 superlattice are shown in
Figs. 1(c) and (d), respectively. As expected, the RE-
SET state shows an inverted band structure at Γ where
the conduction band minimum is derived primarily from
Te-p states while the valence band maximum from cation
(Ge or Sb) p states, indicating that the RESET state
TABLE I. Calculated equilibrium lattice constants, thickness
of the building blocks, d, and the Te-Te spacing in A˚.
Phase a c d(Ge2Te2) d(Sb2Te3) t(Te-Te)
RESET 4.139 18.309 4.646 7.562 3.050
SET 4.203 17.385 4.968 7.499 2.893
3FIG. 2. Weyl nodes and conductivity enhancement in the SET state. (a) Top view and (b) oblique view of locations of Weyl
nodes in the BZ of the Ferro-GeTe structure, where red (blue) circles denote Weyl nodes with positive (negative) chirality. The
hexagon denotes a cross section of BZ at kz = pi/c. The position of Weyl nodes relative to A point is scaled five-fold bigger
for visibility. (c) Location of Weyl nodes along the kz direction versus the azimuthal angle θ in the kx-ky plane. The yellow
curve is a fitted sinusoidal curve for a guide. (d-f) Calculated bulk band structures of Ferro-GeTe structure on the 2D kx-ky
plane at (d) kz = pi/c + δ, (e) pi/c, and (f) pi/c − δ, respectively, where δ = 0.0143 A˚−1 is the deviation of Weyl nodes from
the BZ cross section. Red and blue colors in (e) denote the zˆ component of Berry curvature, Ωz, while those in (d) and (f)
denote the chirality,
∑
i ∆ki ·Ω(k)/(|∆ki|exp(|∆ki|/r0). Here ∆ki = k−ki, where ki is each Weyl node position and r0 is an
arbitrary cutoff radius. (g) Distribution of Berry curvature on a part of the ky-kz plane [yellow highlighted square in (b)]. (h)
Calculated in- and out-of-plane conductivity ratio of the SET to RESET states as a function of the chemical potential.
is a topological insulator in agreement with a previous
study[20]. The direct energy gap of 38 meV at the Γ
point which is smaller by a factor of 5 than that of
Sb2Te3[36] indicates a reduction in the band inversion
strength and thus proximity of the system to the bound-
ary between topological and normal insulator phases.
Despite the conducting nature of the surface states pro-
tected by the nontrivial band topology, the electric con-
duction is mostly dominated by the insulating bulk states
rendering the RESET state highly resistive. On the other
hand, the emergence of ferroelectric polarization in the
SET state induces a giant Rashba effect that lifts the
degeneracy around Γ and A. As a result, the valence
band maxima and conduction band minima shift away
from these symmetry points. Despite these differences,
both RESET and SET states show gapped band struc-
tures along the high symmetry directions and hence may
not explain the striking conductivity change across the
phase transition. Obviously, it is natural to examine if
the SET state is a WSM by searching the Weyl nodes in
the entire BZ.
Interestingly, we find that the SET state is indeed a
WSM with twelve gapless Weyl nodes at the Fermi level
in the vicinity of the A-point. Figure 2(a), (b) and (c)
show three pairs of Weyl nodes located at the kz = pi/c+δ
plane and the other three pairs at the pi/c− δ plane, re-
spectively, where δ = 0.0143 A˚−1 is the deviation from
the BZ cross section at kz = pi/c. The distances be-
tween the nearest and next-nearest Weyl nodes are 0.036
A˚−1 and 0.079 A˚−1, respectively. The two-dimensional
band structure of the SET state in the kx − ky planes at
kz = pi/c + δ, kz = pi/c, and kz = pi/c − δ are shown
in Figs. 2(d), (e) and (f), respectively. One can clearly
see that the SET state is gapped at the BZ boundary
kz = pi/c, while it is gapless, having six Weyl nodes
each at two planes away from the BZ boundary. The
calculated Berry curvature shows more detailed charac-
teristics of the Weyl phase in the SET state. Each Weyl
node behaves as an effective magnetic monopole in the
momentum space with either positive or negative chi-
rality, corresponding to a source or a sink of the Berry
curvature, respectively. In Fig. 2(g), we show the Berry
curvature with a dense k-point grid on the ky − kz plane
that passes through the two Weyl nodes, clearly indicat-
4FIG. 3. (001) surface states of the semi-infinite iPCM structure in the SET state. Surface band structures for (a) GTT surface
and (b) STT surface. Fermi surfaces on (c) the GTT and (d) the STT surfaces as a function of the change of vacancy layer
thickness from its equilibrium value, ∆t = t− teq, where t is shown in Fig. 1(b). Red dots denote Weyl nodes projected on the
surface BZ.
ing the outgoing and incoming flux of Berry curvature
from one monopole (red) to the other monopole (blue).
Unlike Dirac nodes, which may easily become massive
by weak perturbations, Weyl nodes are persistently mass-
less until they are mutually annihilated. Furthermore,
the chirality of Weyl nodes prohibits the back-scattering
of conduction electrons from each chiral channel. The
emergence of gapless nodes characterized by an excep-
tional high mobility, therefore, may explain the giant con-
ductivity enhancement as iPCM undergoes the RESET
to SET phase transition. By employing the maximally
localized Wannier functions and the semiclassical Boltz-
mann transport equation in the constant relaxation time
approximation, we calculated the room-temperature elec-
tric conductivity of the SET and RESET states, under
the assumption that both states have the same relaxation
time. Fig. 2(h) shows the ratio of the SET to the RESET
state of both the in- and out-of-plane conductivity as a
function of the chemical potential. Our calculations show
that for both transport directions, σSET ∼ 5.6σRESET
at E = EF . On the other hand, the conductivity ratio
may increase by up to two orders of magnitude for p-
doped cases, which commonly occur in PCM due to Ge
vacancies. Therefore, we can attribute the giant change
of conductivity observed in experiment[9] to the presence
of Weyl nodes. To our knowledge, this is the first con-
nection between Weyl state to the transport property of
a real material.
For the experimental verification of the Weyl state, we
next address another key characteristic of a WSM; the
presence of the Fermi arc surface states that connect the
Weyl nodes in pairs on the surface BZ. Using the Green’s
function method based on the tight-binding Hamilto-
nian generated by the Wannier projection scheme, we ob-
tain the surface band structures of the Ge-Te-terminated
(GTT) and the Sb-Te-terminated (STT) surfaces. The
band structure of the GTT surface [Fig. 3(a)] illustrates
typical features of the Weyl phase, namely it is gapped
along the Γ¯ − M¯ direction while it is gapless along the
Γ¯ − K¯ direction. This is consistent with the Fermi arcs
in the second panel of Fig. 3(c) connecting Weyl pairs
across the Γ¯ − K¯ axis. On the other hand, the band
structure on the STT surface [Fig. 3(b)] is not trivial
as the GTT surface. The STT surface bands cross the
Fermi level along both the high symmetry lines indicat-
ing a closed loop on the surface [the second panel of Fig.
3(d)]. Interestingly, the STT surface indeed displays one
closed loop together with six Fermi arcs which rather
connect counter Weyl node pairs compared to the GTT
surface. The relation between the Fermi-arc-connected
pairs and the emergent closed loop is elucidated below.
Due to shorter out-of-plane lattice constant (17.385 A˚)
of the SET state compared to that (18.309 A˚) of the RE-
SET state, the domain in the SET state may experience
tensile uniaxial strain from surrounding domains in the
RESET state. Assuming that the van der Waals bond-
ing is mostly affected by the external strain, we have
determined the evolution of the surface state with vary-
ing vacancy layer thickness, t, defined in Fig. 1(b). Our
calculations reveal that under compressive strain the six
pairs of Weyl nodes merge along the Γ¯− K¯ direction and
disappear, while the WSM phase remains intact under
tensile strain. Therefore, the WSM phase in the SET
state would persist even under potential environmental
tensile strain.
The distinct behavior of the Fermi arcs on the GTT
5FIG. 4. Schematic view of Fermi arc connectivity. Two
types of surface-state-evolution as the system undergoes a
topological phase transition from normal insulator (NI) to
Weyl semimetal (WSM) to topological insulator (TI) phases
by changing an external parameter m. (a) Fermi arc connect-
ing creation pair. (b) Fermi arcs connecting annihilation pair.
λi denotes time-reversal-invariant momenta on the surface BZ
and wi are the Weyl nodes.
and STT surfaces of the SET state can be understood
as two different adiabatic transition pathways (shown
schematically in Fig. 4) of surface states from the normal
to the topological insulator via the Weyl semimetal phase
by changing an external parameter m. If Fermi arcs con-
nect creation pairs of Weyl nodes, w1-w2 and w3-w4, in
Fig. 4(a), there will be (i) no surface state in the NI
(m < m1) and (ii) a single surface state in the TI phase
(m > m2) across the WSM → NI or WSM → TI tran-
sitions. It is consistent with that even (odd) number of
surface states emerge and cross the Fermi level between
TRIM points on the NI (TI) surface. On the other hand,
if Fermi arcs connect annihilation pairs, w1-w3 and w2-w4
(shown in Fig. 4b), then another surface state appears in
addition to the Fermi arcs resulting in the emergence of
two (one) surface states in the NI (TI) phase. The GTT
(STT) surface of the SET state of iPCM corresponds to
the former (latter) case. A recent study of the band-
bending effect [37] also showed that an emergent closed
loop on the surface is accompanied by a partner exchange
of Fermi arcs.
The appearance of the closed loop at the STT sur-
face may hinder the observation of Fermi arcs in angle-
resolved photoemission spectroscopy measurements due
to its close proximity in momentum space. However, even
with limited resolution, the spectral intensity on the Γ¯-
M¯ lines should be twice of that on the Γ¯-K¯ lines. It is
also worthwhile to note that the distance of about 0.1
A˚
−1
of the Fermi arcs from Γ¯ is larger than that of other
predicted hexagonal Weyl semimetals[41].
In conclusion we predict that the highly conductive
SET state is a Weyl semimetal phase due to the ferro-
electric polarization of the GeTe block in contrast to the
topological insulating phase of the low conductive RE-
SET state. The emergent twelve Weyl nodes in the SET
state cause a giant enhancement in the conductivity by
a factor of 5 ∼ 100 in comparison to the RESET state.
To the best of our knowledge, this is the first memory
device in which the conductivity contrast between the
SET and the RESET state is attributed to the emergent
Weyl nodes. Our results, implying a robust Weyl phase
in the SET state, open a way to functionalize the iPCM
and design novel devices. We also predict two types of
Fermi arc connectivity in the SET state depending on
the surface termination.
At the final stage of this study, we became aware of a
related work[42] predicting the Weyl semimetal phase in
the Ferro-GeTe PCM structure which is consistent with
our result.
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